In this study, we examined the standing aboveground biomass, biomass growth, litterfall and tree species population dynamics of mangrove forest along the Nakara River, Iriomote Island, southwestern Japan, to explain the spatial patterns of stand structure and aboveground net primary production in reference to the stand dynamics of mangrove tree species along the river. The entire aboveground biomass of the mangrove forest did not vary with topographic position at the stand level, while three mangrove species showed different distributional patterns along the river. Although Bruguiera gymnorrhiza was generally dominant, Rhizophora stylosa codominated in the downstream areas. Kandelia obovata occurred only at the river＇s edge in the downstream area. The observed spatial patterns of aboveground productivity of each species depended mostly on their biomass. The distribution patterns of the mangrove tree species were based on parameters of their population dynamics, such as growth, recruitment and mortality. The effects of disturbance, especially the effects of typhoons, on the forest dynamics were prominent in this study period. The results of the study suggest that the spatial pattern of species distribution and productivity could be largely affected by the typhoon disturbances.
INTRODUCTION
The structure and function of mangrove forests vary at global, regional and local scales (Ellison 2002) . On a global scale, temperature serves as the main factor affecting latitudinal patterns of biomass and productivity (Komiyama et al. 2008 , Alongi 2009 ). On a landscape scale, the patterns of mangrove distribution formed in response to chemical, physical and biological factors that have been previously documented within a single estuary (Sherman et al. 2003 , Ewe et al. 2006 , Alongi 2011 . These factors and their relationship to forest stands have been studied to quantify spatial patterns of biomass and productivity along a geomorphological gradient. However, few data are available related to the understanding of the mechanisms controlling the spatial and temporal variability of the distribution and productivity of mangrove species (Kristensen et al. 2008 ). The complex relationships among the above-mentioned factors have contributed to our lack of understanding. In addition to the responses of individual trees to abiotic factors in the environment, competition within and between species also interacts with stand structure and species composition as parts of stand dynamics (Ball 2002 , Clarke 2004 , Rajkaran and Adamas 2012 . Sherman et al. (2003) and Ewe et al. (2006) studied biomass, growth and productivity in association with the environmental conditions, such as salinity and nutrient status, in relation to species composition and stand structure. However, few studies address the production of biomass in relation to stand dynamics (Alongi 2011) . In particular, few data are available related to mangrove forests in the Indo-western Pacific region (Alongi 2011) .
In this study, we examined aboveground biomass production and tree species population dynamics along the Nakara River, Iriomote Island, in southwestern Japan. Two major gradients of environmental factors and stand structure exist along the river: from the river mouth to upstream areas and from riverside habitat to inland areas (Bunt 1996 , Enoki et al. 2009 ). This study quantified the variations in biological and physical factors along these two gradients of the river. The spatial pattern of stand structure and aboveground net primary production (ANPP) is explained in terms of stand dynamics of the mangrove tree species. Mangrove forests experience various disturbances such as typhoons, hurricanes and tropical storms. The disturbance regime exerts considerable influence on the spatial pattern of species distribution and stand dynamics through changes in light, sediment and biological conditions (Baldwin et al. 2001 , Clarke 2004 , Piou et al. 2006 , Imai et al. 2006 , Smith et al. 2009 ). Iriomote Island has been repeatedly subjected to typhoons, so we also discuss the effects of typhoons on stand dynamics and productivity.
MATERIALS AND METHODS

Study site
The site of this study, along the Nakara River (24°21′ N, 123°45′E), on Iriomote Island, southwestern Japan ( Fig. 1 
Study plot and topographic measurement
Eight 10 m×30 m plots were established for tree and litterfall censuses in the intertidal area along the Nakara River in 2005 ( Fig. 1 ), four each in the upstream and downstream areas. The plots were oriented perpendicular to the river＇s edge and ran from the riverside through the mangrove forest toward inland areas. Each plot was divided into three 10 m×10 m subplots. Relative elevation along the centerline of each plot was measured at 5 m intervals.
Tree census
All trees taller than 2 m were tagged, mapped and their DBH (diameter at breast height, 1.3 m) and height measured in both 2005 and 2007. R. stylosa and K. obovata trees often develop prop root and buttresses, respectively. We measured the diameter of the round-shaped stem located just above the highest prop root and the buttress, respectively, following Clough et al. (1997) and Suwa et al. (2008) . This height was usually 0.1 m above the highest prop root and the buttress in the present study.
Sample collection and measurement
Litterfall was collected with 0.25 m 2 circular traps. The traps consisted of a metallic hoop and nylon net; these were fixed by stainless wire to surrounding trees to avoid having them be submerged by high tides. One trap was placed in the center of each of the 24 subplots (10 m×10 m) in September 2005 ( Fig. 1 ). Litterfall was collected monthly from October 2005 to October 2007. The samples were separated into leaves, flowers and propagules of each mangrove species and other miscellaneous materials. The litterfall was oven-dried at 70℃ for 48 h for measurement of dry mass.
Standing biomass, biomass growth, biomass loss and ANPP
The aboveground biomass of individual trees of B. gymnorrhiza (W B ; kg), R. stylosa (W R ; kg) and K. obovata (W K ; kg) was estimated using allometric equations (1, 2, 3) from Nakasuga (1979) :
where D is DBH (cm). The aboveground biomass in each subplot (W, kg ha -1 ) was calculated as the sum of the biomass of all trees in the subplot. The biomass growth was calculated as the increase in the biomass of living trees. ANPP (kg ha -1 y -1 ) was estimated by the summation method using equation (4):
where ∆ Wt (kg ha -1 y -1 ) is the biomass growth and ∆ L is litterfall production (kg ha -1 y -1 ). Biomass loss (kg ha -1 y -1 ) was calculated as the sum of the biomass of each tree that died during the study period.
Statistical analysis
The spatial variations in tree density, standing aboveground biomass, biomass growth, litterfall, ANPP and biomass loss of the mangrove forest were tested by analysis of variance (ANOVA). Two-way ANOVA was applied to test the effects of position along the river, distance from the riverside and the interaction of these two factors. For R. stylosa, the difference in the variables among three groups (riverside, midpoint and inland) in the downstream area was tested, because there was almost no R. stylosa in the upstream area. K. obovata was not tested for the spatial variations, because of its limited distribution at the riverside in the downstream area. Recruitment and mortality were not analyzed statistically because of the small number of recruited and dying trees in the study period.
The spatial variation in growth rate of individual trees was analyzed using multiple regression models. The explanatory variables were position along the river (upstream and downstream), distance of the subplots from the riverside (5 m, 15 m and 25 m) and the interaction of these two factors. We added biomass of each tree as explanatory variables to account for their size differences. We also added biomass of other trees of each species and other species in each subplot (10 m×10 m) as explanatory variables to account for the effects of intra-and inter-species competition. We compared these models using Akaike＇s Information criteria (AIC; Akaike 1973) . We selected a model with the lowest AIC value as the best model. Statistical analyses were performed using R 2.13.1 (R Development Core Team).
RESULTS
Biomass and productivity of the mangrove forest
The mean values of tree density, standing aboveground biomass, growth, litterfall, ANPP and biomass loss of the mangrove forest were 7,812 trees ha -1 , 143.4 Mg ha -1 , 7.8 Mg ha -1 y -1 , 5.1 Mg ha -1 y -1 , 12.8 Mg ha -1 y -1 and 8.7 Mg ha -1 y -1 , respectively. The relative elevation of the study plots tended to be higher in the upstream area than the downstream area ( Fig. 2) . Tree density was greater in the downstream area (Table 1) . The aboveground biomass, growth, litterfall and ANPP of the mangrove forest were not different significantly both with position along the river and distance from the riverside. The loss in aboveground biomass of the mangrove forest was larger in the downstream area during the study period. Although B. gymnorrhiza (L.) Lamk. was generally dominant, R. stylosa Griff. occurred in the downstream area. K. obovata Sheue, Liu & Yong grew almost only along the river＇s edge and only in the downstream area (Fig. 3) . The tree density of B. gymnorrhiza on the riverside was larger in the upstream area and smaller in the downstream area, respectively (F＝5.546; df＝2, 18; P＝0.013, Fig. 3 ). The aboveground biomass of B. gymnorrhiza was Fig. 2 . Relative elevation along the centerline of each study plot (Fig. 1) . Changes in elevation with the distance from the riverside are shown at 5 m intervals. The plots with solid lines (plots 1, 2, 3 and 4) and dashed line (plots 5, 6, 7 and 8) are located in the upstream and downstream areas, respectively. TROPICS Vol. 23 (3) larger in the upstream area (F＝17.47; df＝1, 18; P＜0.001, Fig. 4 ). The aboveground biomass of B. gymnorrhiza on the riverside was larger in the upstream area and smaller in the downstream area, respectively (F＝3.656; df＝2, 18; P＝ 0.047). The biomass of R. stylosa in the downstream area was comparable with that of B. gymnorrhiza. The biomass of R. stylosa did not differ significantly with distance from the riverside (F＝0.373; df＝2, 9; P＝0.699). The biomass of K. obovata on the riverside in the downstream area, where it grew almost exclusively, was comparable with those of the other two species. The biomass growth, litterfall, and ANPP of the three species showed similar patterns to the patterns of change in biomass with changes in position along the river and in distance from the riverside. The biomass loss of B. gymnorrhiza was smaller when compared with that of the other species.
Growth, recruitment and mortality of the mangrove trees along the river
The growth of B. gymnorrhiza trees was larger in the upstream area (Table 2 ). The growth depended on the tree biomass-the larger trees grew larger. The aboveground growth of R. stylosa trees was larger in the upstream area and decreased with the distance from the riverside. Tree growth was closely related to tree biomass. The biomass of other R. stylosa trees was included in the selected model, although the coefficient was not significant (P＝0.07), Fig. 3 . Variations in topography in the numbers of standing trees, trees recruited and that died during the study period. The mean values are shown for B. gymnorrhiza, R. stylosa and K. obovata. Table 1 . Means of tree density (ha -1 ), aboveground biomass (Mg ha -1 ), biomass growth (Mg ha -1 y -1 ), litterfall (Mg ha -1 y -1 ), aboveground net primary production (ANPP, Mg ha -1 y -1 ) and biomass loss (Mg ha -1 y -1 ) of the mangrove forest along the Nakara River (standard deviations in parenthesis). indicating that tree growth tended to decrease with biomass for R. stylosa trees. The tree growth of the K. obovata tree was closely and positively related to with tree biomass.
The numbers of recruited B. gymnorrhiza, R. stylosa and K. obovata trees were smaller compared with those of trees that died during the study period (Fig. 3) . In the downstream area, the numbers of recruited and dead B. gymnorrhiza trees were smaller than for other species based on their tree density. In the upstream area, there was no recruitment of R. stylosa and K. obovata. More than half of the R. stylosa and K. obovata trees had died in the upstream area during the study.
DISCUSSION
The three mangrove species, B. gymnorrhiza (L.) Lamk., R. stylosa Griff. and K. obovata Sheue, Liu & Yong are widely distributed throughout this part of East Asia (Spalding et al. 2010) . The distribution pattern observed in the present study was consistent with a previous study on Iriomote Island (Odani 1964 , Nakasuga 1974 . These species exhibit several localized distribution patterns in other areas depending on geographical and topographical conditions (Nakasuga et al. 1974 , Miyawaki et al. 1982 .
The aboveground biomass of the mangroves along the Nakara River (143.4 Mg ha -1 ) was within the range of data (6.8-460.0 Mg ha -1 ) reviewed by several previous studies of mangroves worldwide (Saenger and Snedaker 1993 , Komiyama 2008 , Alongi 2011 . Komiyama (2008) showed that the aboveground biomass of primary forests was mostly around 100 Mg ha -1 in high latitude areas (＞24°23′ N or S); the aboveground biomass in the present study site, located near high latitude areas, was near this amount.
The aboveground growth (7.8 Mg ha -1 y -1 ) and Fig. 4 . Variations in topography in the mean values of standing aboveground biomass, biomass growth, litterfall, aboveground net primary production (ANPP) and biomass loss of B. gymnorrhiza, R. stylosa and K. obovata along the Nakara River. litterfall (5.1 Mg ha -1 y -1 ) were also within the range of previous studies (0.8-29.1 Mg ha -1 y -1 and 0.7-18.7 Mg ha -1 y -1 for growth and litterfall, respectively). However, the litterfall was relatively smaller than the estimated value (7.9 Mg ha -1 y -1 ) using a regression equation of Saenger and Snedaker (1993) , which was based on latitude. During the study period, the biomass loss was larger than the growth of vegetation in the study area; the mangrove forest was losing biomass. Based on field observations, this biomass loss was mainly caused by the uprooting trunks of trees of various sizes and loss of branches, caused by strong winds and currents from typhoons. Typhoon disturbance was one of the possible reasons for the relatively small amount of observed and lost litterfall biomass. In contrast, Sharma et al. (2012) suggested typhoons increased litterfall caused by broken branches in a mangrove stand on Okinawa Island. However, this issue requires further attention, because the amount of litterfall measured depends on the methods used in a study. Evaluation of the amount of large-sized litterfall such as branch and stem proved to be difficult because this study used small litter traps with a 0.25 m 2 opening. The research period is also an important aspect of data collection during the evaluation of the effects of typhoons on litterfall. For example, in one case a single typhoon did not increase branch litterfall during a study conducted immediately after a previous typhoon had removed many vulnerable branches (Sharma et al. 2012) .
Total aboveground biomass and productivity in the mangrove forests did not vary significantly with position along the river mouth and distance from the riverside, while the three mangrove species studied here exhibited different patterns of distribution along the river. These results suggest that the mangrove species increased the abundance and compensated for the lack of biomass and production at the site in which the biomass of the other species was not large. The growth and production depended on stand level biomass. This suggests that the spatial distribution and abundance of each species determined the spatial variation in the growth and production of each respective species.
If the growth rate of an individual tree affected the species distribution pattern, the species would show a large growth rate at a site where that species was dominant. In the downstream area, the aboveground growth rate of individual trees along the riverside was large and in the descending order of R. stylosa, K. obovata and B. gymnorrhiza ( Table 2 ). The order corresponded to the abundance of each species in the downstream area. The differences in tree growth rates of each species with topographic position partly explained the distributional patterns of the three species in the downstream area. The individual tree growth rate of R. stylosa decreased with the distance from the riverside. Additionally, the individual tree growth rate of R. stylosa decreased with the decrease in biomass of other R. stylosa trees suggesting that the individual tree growth rate of R. stylosa was depressed by intraspecific competition. In the downstream area, the decrease in the individual tree growth rate of R. stylosa might increase the dominance of B. gymnorrhiza as the distance from the riverside increases. Furthermore, only a few R. stylosa and K. obovata occurred in the upstream area, despite the fact both these species had a larger tree growth rate than B. gymnorrhiza. The small biomass of R. stylosa and K. obovata was partly explained by the absence of recruitment. However, the small rates of recruitment were thought to be the result from the small abundance of the species. Further research is needed to clarify this issue.
The mortality of each species could also partly explain each species＇ distribution pattern. The low mortality rate of B. gymnorrhiza, when compared with the other two species, corresponded to its dominance. The topographical pattern of mortality of each species corresponded to each species＇ abundance. Large biomass loss in the downstream area was mainly caused by downed trees and broken trunks, reflecting the widespread effects of recent typhoons. Typhoons resulted in early successional environments in the downstream area. R. stylosa has more pioneer-like traits than B. gymnorrhiza (Smith 1992) . K. obovata is also a pioneer species in mangrove succession (Khan et al. 2005 (Khan et al. , 2007 . These pioneer species could increase in abundance in such environments. Furthermore, in the upstream area, the mortality of R. stylosa and K. obovata was widespread, although the trees were few in number.The high mortality rates of R. stylosa and K. obovata corresponded to their small level of abundance. The cause of mortality was mostly from the dieback of smaller trees, based on field observations. The elevation tended to be higher in the upstream area, resulting to less impact from typhoons on the inland stand. These results suggested that the mortality was not only due to the typhoon disturbance, but also the limited light availability on the riverside caused by the narrow river width and height of B. gymnorrhiza (Enoki et al 2009) .
In summary, the mangrove tree species along the Nakara River on Iriomote Island were distributed along topographical gradients, while no apparent difference in the total aboveground biomass and ANPP of the mangrove forest was observed at the stand level. The observed spatial patterns of aboveground productivity of each species mostly depended on their respective biomasses. The distributional pattern of the mangrove tree species corresponded to the parameters of population dynamics. The spatial patterns of species distribution and productivity could be largely affected by the disturbance caused by typhoons. Additional long-term research and analysis of the effects of disturbance will be important to clarifying the mechanisms involved in the spatial patterns of development in mangrove forests.
